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We propose an all-optical scheme to control the photon statistics using hybrid quantum plasmonic
system. With the aid of dressed states assisted quantum interference effects, it is shown that the
photon correlations of a signal field can be continuously modulated from bunching to antibunching
under the control of a pump field. Apart from the exact multimode model, a single-mode model
and an analytical treatment are also provided to help us identify the roles of multimode coupling
and quantum interference between probability amplitudes. The proposed scheme, in contrast to the
cavity quantum electrodynamics methods, works well even in the bad cavity limit. These findings
suggest that this composite system provides a feasible nanophotonic platform for active modulation
of photon statistics and for future quantum devices.
Due to excellent abilities to engineer the field-matter
interaction, the hybrid quantum plasmonic system opens
an alternative possibility to the realization of quantum-
controlled devices [1]. Among the rich variety of hybrid
quantum plasmonic systems, the assembly of quantum
emitter (QE) and metallic nanoparticle (MNP) plays a
prominent role in the realization of coherent coupling be-
tween single quanta and emitters on the nanoscale. To
explore its potential applications in the quantum science,
various quantum optical properties of the hybrid QE-
MNP system have been studied theoretically on the one
hand, such as strong coupling [2–7], photon statistics [8–
13], squeezing [14–16] and entanglement [17–24]. On the
other hand, remarkable experimental progresses about
the Fano resonance [25–27] and strong coupling [28, 29]
of the QE-MNP system were reported. Though these
rapid progresses promise the realization of more complex
nanoscale quantum devices, the dependence of fabrica-
tion process or choice of dielectric environment to tune
its optical response raises certain difficulties for practical
applications. Thus it is highly desirable to develop the
active way to control the quantum optical properties of
QE-MNP system.
Characterized by equal-time second-order correlation
function g(2)(0), the photon statistics exhibits the non-
classical features of light [30]. A value of g(2)(0) < 1
(> 1) demonstrates the antibunching (bunching) statis-
tics. The generation of nonclassical light fields, such as
the antibunched light, is key to quantum networks [31]
as well as quantum-optical spectroscopy [32]. The tradi-
tional ways to tune the photon statistics generally rely
on the cavity quantum electrodynamics (CQED) system
which consists of QEs and optical microcavities. For in-
stance, both abtibunched and bunched light can be ob-
tained with the methods based on photon blockade and
photon-induced tunneling effects [33, 34], cavity electro-
magnetically induced transparency [35, 36], or nonlinear-
ity of coupled cavities [37, 38]. However, the dependence
of strong coupling and micrometer size of CQED sys-
tem sets up barriers for its ultracompact integrations and
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FIG. 1. Schematic of the hybrid system composed of a QE
and a spherical MNP. Both the dipole mode of MNP and QE
transition |1〉 ↔ |2〉 are driven by the signal field. In addition,
the QE transition |1〉 ↔ |2〉 couples to all the plasmon modes
of MNP. A control field which drives the transition |2〉 ↔ |3〉
is also introduced.
practical applications. Therefore, it is preferable to tune
the photon statistics with a more feasible and compact
scheme.
Here we investigate the all-optical modulation of pho-
ton correlations with the hybrid QE-MNP system. Dif-
ferent from the CQED system, the QE-MNP system can
control the photon statistics without the need of strong
coupling condition. To characterise the quantum nature
of the studied system and perform in-depth study on this
control scheme, we provide exact multimode quantum
model which works beyond the dipole approximation. In
addition, an approximate single-mode model and analyt-
ical expressions are also derived. It is found that enriched
by the dressed states, the quantum interferences between
the probability amplitudes play a vital role in the mod-
ulation of photon statistics.
Exact multimode model.—We consider a hybrid quan-
tum plasmonic system comprised of a ladder-type three-
level QE and spherical MNP with radius rm and dielec-
2tric constant εm, as shown in Fig. 1. The QE and MNP
are separated by distance R and embedded in a dielectric
host (permittivity εb). MNP is able to support localized
surface plasmon resonance, with the resonance frequency
ωn determined by Re[εm(ωn)] = −n+1n εb (n = 1, 2, ...)
for spherical MNP whose radius is much smaller than
the plasmon wavelength [39]. In contrast to the dipole
mode (n = 1), the higher modes (n ≥ 2) cannot couple
to an plane wave because of their vanishing dipole mo-
ment. The QE transition |1〉 ↔ |2〉 (frequency ω21, decay
rate γ21, transition dipole moment µ) is coupled by all the
MNP modes as well as a weak signal field, with frequency
ωs and Rabi frequency Ωsµ, while the transition |2〉 ↔ |3〉
(frequency ω32, which is far-detuned from the plasmon
frequencies, decay rate γ32) is only coupled by a control
field, with frequency ωc and Rabi frequency Ωc. In addi-
tion, the dipole mode of MNP (dipole moment χ) is also
driven by the signal field, with Rabi frequency Ωsχ. The
Hamiltonian of the composite system in a rotating frame
within the rotating-wave approximation reads (~ = 1)
H = ∆sσ22 + (∆s +∆c)σ33 +
N∑
n=1
∆na
†
nan
−
N∑
n=1
gn(anσ21 +H.c.)
−(Ωsµσ12 +Ωcσ23 +Ωsχa1 +H.c.), (1)
where an (a
†
n) is the annihilation (creation) operator of of
the MNP’s nth mode, σij (i, j = 1, 2, 3) stands for a pop-
ulation operator for i = j and a dipole transition operator
for i 6= j, and H.c. represents Hermitian conjugate. The
detunings are defined by ∆s = ω21 − ωs, ∆c = ω32 − ωc,
and ∆n = ωn −ωs. Note that N modes have been taken
into consideration at most, which should be determined
by the convergence of steady state results. The coupling
strength between nth mode of MNP and QE transition
|1〉 ↔ |2〉 can be given by gn = µRn+2
√
2n+1
n
snηnr
2n+1
m
4pi~ε0
,
where ηn = 1/
d
dωRe[εm(ω)]|ω=ωn and sn = (n + 1)2
(n(n + 1)/2) for a radial (tangential) QE [10]. As both
the transition |1〉 ↔ |2〉 and dipole mode of MNP are
driven by the signal field, the ratio ξ of Ωsχ and Ωsµ
can be simply given by the ratio of χ and µ, i.e. ξ =
Ωsχ/Ωsµ = χ/µ = εb
√
12pi~ε0η1r3m/µ [10]. The full dy-
namics of the system is governed by the master equation
ρ˙ = i[ρ,H ] + γ21L[σ12]ρ + γ32L[σ23]ρ +
∑N
n=1 κnL[an]ρ,
where L[oˆ]ρ = oˆρoˆ† − (oˆ†oˆρ + ρoˆ†oˆ)/2 is the standard
dissipator in Lindblad form; κn = 2ηnIm[εm(ωn)] is the
decay rate of nth mode of the MNP. Under the conditions
of weak pumping and small N , this equation can be nu-
merically solved using the open-source software QuTiP
[40, 41].
Effective single-mode model.—Though the multimode
model gives the exact description of the studied system,
the numerical calculations become unfeasible as the QE
close to MNP, which may lead to exceedingly large di-
mensions of density matrix. In order to solve this prob-
lem and identify the role of higher-modes, we derive an
equivalent effective Hamiltonian
Heff = ∆s,effσ22 + (∆s,eff +∆c,eff)σ33 +∆1a
†
1a1
−g1(a1σ21 +H.c.)
−(Ωsµσ12 +Ωcσ23 +Ωsχa1 +H.c.), (2)
and the corresponding effective master equation ρ˙eff =
i[ρeff, Heff]+ γ21,effL[σ12]ρeff+ γ32L[σ23]ρeff+κ1L[a1]ρeff,
where the effective detunings ∆s,eff, ∆c,eff, and decay
rates γ21,eff are modified as ∆s,eff = ∆s−
∑N
n=2 αn(ωn−
ωx), ∆c,eff = ∆c +
∑N
n=2 αn(ωn − ωx), and γ21,eff =
γ21+
∑N
n=2 αn(γn−γx), with αn = g
2
n
(ωn−ω21)2+(κn−γ21)2/4
.
This effective model is derived with adiabatic elimination
method, under the condition of αn ≪ 1. For the realis-
tic parameter, this approximation is valid as long as the
QE is not in close proximity to MNP. This model not
only greatly simplifies the calculation process, but also
reveals that the roles of MNP higher-modes are to shift
and broaden the level |2〉 of QE. To be more specific, the
transition frequency between QE level |1〉 and |2〉 is mod-
ified to be ω21,eff = ω21 −
∑N
n=2 αn(ωn − ω21) by higher
modes of MNP.
Control of photon statistics—To explore the nonclas-
sical features of the system, we focus on the second-
order correlation function g(2)(0) of the scattered sig-
nal field for the steady state, which can be calculated as
g(2)(0) = 〈(Pˆ †)2(Pˆ )2〉/〈Pˆ †Pˆ 〉2, where Pˆ = χa1 + µσ12 is
the total polarization operator. With the polarization op-
erator, the intensity can be calculated as I = 〈Pˆ †Pˆ 〉. We
point out that one can also use input-output formalism
to calculate g(2)(0) and I, which is essentially equivalent
to the above expressions [42]. In the following, we show
that the quantum statistics can be controlled with the
control field. As an example for proof-of-principle pur-
poses, a silver MNP (radius rm = 7 nm) is consider here-
after, whose dielectric constants are given by the Drude
model εm(ω) = ε∞ − ω
2
p
ω(ω+iγ) , with the parameter being
ε∞ = 4.6, ωp = 9.0 eV, and γ = 0.1 eV [5]. Further-
more, the parameters of QE are set to be µ = 0.5 enm,
γ21 = γ32 = 0.05 meV, and ω21−ω1 = −150 meV. Placed
in vacuum (εb = 1), the QE and MNP are separated by
a distance R = 12 nm and driven by a weak signal field
(Ωs = 0.005 meV).
Figure 2 shows the intensity I and photon correlation
g(2)(0) of the sinal field versus the frequency ωs. Results
of effective model (red solid line) and multimode model
(solid stars) are shown respectively, from which We can
see excellent agreement between these two models. When
the control field turns off [Fig. 2(a)], this hybrid system is
just the same as a two-level QE-MNP system, which has
been investigated in Ref. [10]. In this case, the scattered
intensity spectrum [Fig. 2(a1)] displays a single-peaked
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FIG. 2. (Color online) Scattered intensity I (a1-c1) and
second-order correlation g(2)(0) (a2-c2) of the signal field ver-
sus the frequency ωs for Ωc = 0 (a), Ωc = 0.2 meV (b), and
Ωc = 1.5 meV (c). Results of exact multimode model (solid
stars), effective model (red solid curves), and analytical re-
sults (black dotted curves) are shown, respectively. The inset
of (a1) displays the intensity spectra for a broader frequency
when Ωc = 0. The control field is set to be resonant with the
transition |2〉 ↔ |3〉 (∆c = 0).
structure, whose peak is located near the resonance fre-
quency of QE transition |1〉 ↔ |2〉. In fact, this structure
is a Fano line shape, which can be clearly seen from the
inset of Fig. 2(a1) displaying the intensity spectrum for
a broader frequency ωs. This Fano structure originates
from the coupling between the continuum excitations of
MNP and the discrete excitations of QE [43]. Particu-
larly, as shown in Fig. 2(a2), the photon statistics can be
controlled from bunching to antibunching just by tuning
the frequency ωs. Nevertheless, in order to realize the
active control of photon correlation we still need to know
the effects of control field.
To this end, the results when the control field turns
on are shown in Fig. 2(b) (Ωc = 0.2 meV) and Fig.
2(c) (Ωc = 1.5 meV). For a relatively weak control field,
we can see not only the different degree of the quantum
correlation but also a new dip in g(2)(0) line shape [Fig.
2(b2)] . In addition, the intensity spectrum also shows
a side peak centering at a frequency blue shifted from
the main peak [Fig. 2(b1)]. Particularly, by further in-
creasing the Rabi frequency of control field, the g(2)(0)
shows more complex structures [Fig. 2(c2)]. There exist
three frequency windows in which the scattered signal
field shows antibunching statistics, which may provide
versatile possibilities to control the quantum statistics.
Furthermore, the two peaks in intensity spectrum for
this case have nearly the same amplitudes [Fig. 2(c1)].
This line shape can be understood from the conception of
dressed state [44]. In other words, dressed by the control
field, the QE level |2〉 splits into a pair of well separated
levels, whose energies are given by
ω
(1)
± = ω21,eff +
1
2
(
∆c,eff ±
√
∆2c,eff + 4Ω
2
c
)
. (3)
In the case discussed above, the ω
(1)
− is near the frequency
of Fano peak. Therefore, both the ω
(1)
− level and the Fano
interference contribute to the low-energy peak, and thus
this peak frequency is shifted compared with ω
(1)
− and
the main peak for Ωc = 0. For the high-energy peak, its
peak frequency is just located at ω
(1)
+ .
Mechanism of quantum interference.—In order to gain
deeper physical insights into the above results, we present
an analytical description for the studied system. Under
weak pumping conditions, the state of the composite sys-
tem can be approximated as a pure state [12, 38, 45],
whose evolution is governed by Schro¨dinger equation.
After truncating the Hilbert space to two excitations,
the state of the hybrid system in the rotating frame is
given by |ψ〉 = |0, 1〉+C0,2|0, 2〉+C0,3|0, 3〉+C1,1|1, 1〉+
C1,2|1, 2〉+C1,3|1, 3〉+C2,1|2, 1〉, where |m,n〉 denotes the
plasmon Fock state |m〉 and QE level |n〉. The system dis-
sipations can be included by considering a non-Hermitian
Hamiltonian
HnHeff = Heff − i
γ21,eff
2
σ22 − iγ32
2
σ33 − iκ1
2
a†1a1. (4)
Then the scattered intensity I is derived as
I = µ2(|C0,2|2 + ξ2|C1,1|2 + 2ξRe[C∗0,2C1,1])
= µ2Ω2s
∣∣∣∣∣∣
∆˜1 + ξ
2
(
∆˜s,eff − Ω
2
c
∆˜sc,eff
)
+ 2ξg1
∆˜1
(
∆˜s,eff − Ω
2
c
∆˜sc,eff
)
− g21
∣∣∣∣∣∣
2
, (5)
where ∆˜1 = ∆1 − iκ1/2, ∆˜s,eff = ∆s,eff − iγ21,eff/2, and
∆˜sc,eff = ∆s,eff + ∆c,eff − iγ32/2. Moreover, the second-
order correlation function can be determined by
g(2)(0) =
2ξ2
(
2|C1,2|2 + ξ2|C2,1|2 + 2
√
2ξRe[C∗1,2C2,1]
)
[|C0,2|2 + ξ2|C1,1|2 + 2ξRe[C∗0,2C1,1]]2 ,
(6)
whose full expression is found to be
4g(2)(0) =
∣∣∣∣∣∣∣1−
(∆˜1 + ξg1)
2
[
∆˜1
(
∆˜s,eff − Ω
2
c
∆˜sc,eff
)
− g21 + (∆˜1 + ξg1)2
(
1 +
Ω2
c
∆˜sc,eff(∆˜1+∆˜sc,eff)
)]
[
∆˜1
(
∆˜1 + ∆˜s,eff − Ω
2
c
∆˜1+∆˜sc,eff
)
− g21
] [
∆˜1 + 2ξg1 + ξ2
(
∆˜s,eff − Ω
2
c
∆˜sc,eff
)]2
∣∣∣∣∣∣∣
2
. (7)
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FIG. 3. (Color online) Phase parameters φ
(1)
1 , φ
(1)
2 , phase
difference φ
(1)
2 −φ
(1)
1 (a1, b1) and phase parameters φ
(2)
1 , φ
(2)
2
and their difference φ
(2)
2 −φ
(2)
1 as a function of ωs for the case
of Ωc = 0 (a1, a2) and Ωc = 1.5 meV (b1, b2).
The validity of these analytical results is demonstrated
in Fig. 2 (dotted lines).
The analytical results illustrate the roles of the inter-
ference of probability amplitudes. Clear quantum inter-
ference signatures are shown in Eqs. (5) and (6). For
the intensity spectrum, the interference of C0,2 and C1,1,
which are the probability amplitudes for one-quantum
states |0, 2〉 and |1, 1〉, determines the line shape of in-
tensity spectrum. By contrast, the interference between
probability amplitudes of two-quantum states |1, 2〉 and
|2, 1〉 determines the second-order correlation. In or-
der to study the underlying quantum interference ef-
fects in depth, we introduce four phase parameters
(φ
(1)
1 , φ
(1)
2 , φ
(2)
1 , φ
(2)
2 ), which are the arguments of four
complex probability amplitudes (C0,2, C1,1, C1,2, C2,1). It
is obvious that the phase difference φ
(1)
2 −φ(1)1 determines
the interference properties of one-quantum amplitudes,
while the phase difference φ
(2)
2 − φ(2)1 gives the quantum
interference effects on second-order correlation.
Figure 3 displays the phase parameters versus the fre-
quency of signal field for the case of Ωc = 0 (a) and
Ωc = 1.5 meV (b). When the control field is absent, the
interference properties are relatively simple. The first-
order phase φ
(1)
1 and φ
(1)
2 interference constructively (de-
structively) below (above) the frequency ω21,eff. It is the
transition from constructive to destructive interference
that contributes to the one-peaked Fano structure in Fig.
2(a1). However, after exerting a strong control field, the
QE level |2〉 splits into two dressed states, which leads to
twice transitions from constructive to destructive inter-
ference [Fig. 3(b1)]. Hence, the scattered spectrum for
Ωc = 1.5 meV shows two peaks.
Next we focus on the quantum interference between
two-quantum probability amplitudes. Without the con-
trol field, the amplitudes C1,2 and C2,1 interference de-
structively when ωs > 3354 meV. For an appropriate
frequency, the third term in the numerator of Eq. (6)
cancels the first two terms, which leads to the photon
antibunching in Fig. 2(a2) around frequency ω
(2)
QI . This
particular interference effect is induced by the openness
of plasmonic cavity. Although the amplitudes C1,2 and
C2,1 interference constructively when ωs < 3354 meV, we
can still observe photon antibunching effect around fre-
quency ω
(2)
0 . We point out that this antibunching origi-
nates from the photon blockade effect [34]. By diagonal-
izing the Eq. (2) with the absence of driven fields, the
ω
(2)
0 is derived as
ω
(2)
0 = ω1 +
1
2
[
ω21,eff − ω1 −
√
(ω21,eff − ω1)2 + 4g21
]
.
(8)
For the case with strong control field, three antibunching
regions can be found. According to the phase difference
between φ
(2)
1 and φ
(2)
2 , the antibunching around ω
(2)
QI in
Fig. 2(c2) is also induced by the destructive quantum
interference. In contrast, there are two antibunching re-
gions (denoted as ω
(2)
± ) induced by photon blockade effect
for this case. Using the dressed states energy in Eq. (3),
the ω
(2)
± read
ω
(2)
± = ω1 +
1
2
[
ω
(1)
± − ω1 −
√
(ω
(1)
± − ω1)2 + 4g21
]
. (9)
So far we have shown the possibility of the photon
correlation modulation by light field and the underlying
quantum interference mechanism. In real applications,
it is more desirable to realize the continuous modulation
between bunching and antibunching. In the following,
we show the all-optical modulation of photon correlation
with the Rabi frequency Ωc in Fig. 4. When the Rabi fre-
quency Ωc is increased, the photon correlation of signal
field makes a continuous transition from antibunching to
bunching, and then to antibunching. The photon correla-
tion tends to disappear, which means a field with random
statistics, for strong control field (Ωc > 4 meV). Note
that the coupling between QE and MNP is not in strong
coupling regime for the case studied here. However, the
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FIG. 4. (Color online) g(2)(0) correlation with respect to the
Rabi frequency Ωc calculated from effective model (red solid).
The results of N = 1 and N = 2 calculated from effective
model (dashed and dotted lines) and exact model (scatterers)
are also shown. The detuning ∆s is fixed to ∆s = −2 meV.
peculiar quantum interference effects enable us to con-
trol the photon correlations even in the bad cavity limit.
Therefore, this result represents a nanoscaled scheme for
all-optical control of photon statistics without the need of
strong coupling condition. Compared with the methods
in CQED, the scheme presented here is more compact
and feasible. By the way, we point out that the impact
of high-order modes of MNP is non-ignorable when the
distance between QE and MNP is small. Neglecting the
contribution of high-order modes may lead to a contrary
prediction about the photon statistics [see the difference
between solid and dashed curves in Fig. 4].
Conclusions.—To summarize, we have theoretically
demonstrated the all-optical control of photon statistics
with a hybrid QE-MNP system. We present three dif-
ferent ways for the studied system to uncover the non-
classical correlation and underlying mechanisms. The
analytical treatment reveals that the quantum interfer-
ences between two-quantum states’ amplitudes are essen-
tial to the photon correlation modulation. Enriched by
the dressed states, this quantum interference effect en-
ables us to continuously regulate the photon correlation
between bunching and antibunching. Compared with the
CQED methods, this scheme is more compact and ex-
perimentally feasible as it works in the bad cavity limit.
These results open an alternative possibility for the con-
trol of photon correlation, which may find its applications
in active quantum-optical devices.
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